Directionality of electron transfer in cyanobacterial photosystem I at 298 and 77K  by Makita, Hiroki & Hastings, Gary
FEBS Letters 589 (2015) 1412–1417journal homepage: www.FEBSLetters .orgDirectionality of electron transfer in cyanobacterial photosystem I at 298
and 77 Khttp://dx.doi.org/10.1016/j.febslet.2015.04.048
0014-5793/ 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
Abbreviations: 2MNQ, 2-methyl-1,4-naphthoquinone; Cl2NQ,
2,3-dichloro1,4-naphthoquinone; DMSO, dimethyl sulfoxide; ET, electron transfer;
FTIR, Fourier transform infrared; IR, infrared; ms, millisecond; ls, microsecond; ns,
nanosecond; PhQ, phylloquinone (2-methyl-3-phytyl-1,4-naphthoquinone); PQ9,
plastoquinone-9 (2,3-dimethyl-5-prenyl-1,4-benzoquinone); PSI, photosystem I;
RC, reaction center; S6803, Synechocystis sp. PCC 6803
Author contributions: G.H. conceived the research, undertook experiments, inter-
preted the data and wrote the paper. H.M. undertook experiments, interpreted the
data and wrote the paper.
⇑ Corresponding author.Hiroki Makita, Gary Hastings ⇑
Department of Physics and Astronomy, Georgia State University, Atlanta, GA 30303, USA
a r t i c l e i n f oArticle history:
Received 30 March 2015
Revised 22 April 2015
Accepted 23 April 2015
Available online 8 May 2015








Dichloronaphthoquinonea b s t r a c t
Electron transfer processes in cyanobacterial photosystem I particles from Synechocystis sp. PCC
6803 with a high potential naphthoquinone (2,3-dichloro-1,4-naphthoquinone) incorporated into
the A1 binding site have been studied at 298 and 77 K using time-resolved visible and infrared dif-
ference spectroscopy. The high potential naphthoquinone inhibits electron transfer past A1, and
biphasic P700+A1 radical pair recombination is observed. The two phases are assigned to P700+A1B
and P700+A1A
 recombination. Analyses of the transient absorption changes indicate that the ratio
of A- and B-branch electron transfer is 95:5 at 77 K and 77:23 at 298 K.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
In photosynthetic oxygen-evolving organisms, photosystem I
(PSI) utilizes light to drive electrons across a biological membrane
from plastocyanin to ferredoxin [1]. In PSI light induces the trans-
fer of electrons from a donor chlorophyll species, via a series of
acceptors called A0, A1, FX, FA, and FB [2]. The primary electron
donor species has been questioned recently [3]. However, within
100 ps, the light-induced cation radical resides on the dimeric
chlorophyll-a species that is commonly termed P700 [4].
In PSI the electron transfer (ET) cofactors are arranged to form
two pseudo-symmetrical ‘‘branches’’, termed the A- and
B-branches [5], and it has become clear that both branches partic-
ipate in ET [6–8]. The fractional utilization of both branchesremains incompletely understood, however, especially for prokary-
otic PSI where reported estimates show large variations [7,9–11].
The branching ratio, as well as its temperature dependence, is of
considerable interest as such information is required to model ET
in PSI [9,12]. Here we describe a series of experiments aimed at
establishing this branching ratio and its temperature dependence.
In PSI, the secondary electronacceptor, sometimes termedA1, is a
highly reducing phylloquinone (PhQ, 2-methyl-3-phytyl-1,4-naph
thoquinone) species [13]. In this manuscript we will refer speciﬁ-
cally to thequinone in theA1binding site. Therefore, in PSI PhQoccu-
pies the A1 binding site. In, so-called,menB mutant PSI particles, a
gene that codes for a protein involved in PhQ biosynthesis has been
deleted, and in these mutants plastoquinone-9 (PQ9, 2,3-dime
thyl-5-prenyl-1,4-benzoquinone) is instead incorporated into the
A1 binding site [14]. Recent studies have shown that PQ9 is weakly
bound in the A1 binding site, and it can be displaced by different qui-
nones both in vivo or in vitro [15–18].
In this manuscript we focus on the study of menB PSI particles
from Synechocystis sp. PCC 6803 (S6803) in which 2,3-dich
loro-1,4-naphthoquinone (Cl2NQ) has been incorporated into the
A1 binding site. In aprotic solvent, Cl2NQ has a midpoint potential
of 49.5 mV, compared to 465 mV for PhQ [17]. By incorporating
a high potential quinone, forward ET from A1 to FX is inhibited,
resulting in P700+A1 radical pair recombination at both 298 and
Fig. 1. RT ﬂash-induced absorption changes at 800 (A), 703 (B) and 487 nm (C) for
PSI with Cl2NQ incorporated. Data was collected over several time windows in a
linear fashion (see insets) and is plotted here on a logarithmic timescale. Fitted
curves are also shown (red). The parameters derived from ﬁtting are summarized in
Table 1. The data at 487 nm was collected using less concentrated samples but was
scaled to match the optical density of samples used to collect the data at 703 and
800 nm. Insets: absorption changes on a (linear) 0–25 ls timescale.
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nation reaction in identical samples at both 298 and 77 K.
In this manuscript we use time-resolved visible and infrared
(IR) difference spectroscopy to study P700+A1 recombination in
isolated PSI particles at both 298 and 77 K. P700+A1 recombination
is found to be biphasic at both temperatures, reﬂecting ET on both
the A and B branches. Analysis of the kinetic phases allows an esti-
mate of the degree of directionality (branching ratio) of ET and it is
found that B-branch ET decreases considerably as the temperature
is lowered.
2. Materials and methods
Trimeric PSI particles were isolated from menB mutant cells
from S6803 and then stored as described previously [14]. PhQ
and Cl2NQ, as well as all solvents and other chemicals, were
obtained from Sigma–Aldrich (St. Louis, MO) and were used as
received. Incorporation of PhQ into the A1 binding site of menB
PSI was performed as described previously [18]. To incorporate
Cl2NQ into the A1 binding site, Cl2NQ dissolved in dimethyl sulfox-
ide (DMSO) was added to a suspension of menB PSI particles at
500 molar excess (Cl2NQ/RC ratio), while keeping the total vol-
ume of dimethyl sulfoxide below 2%. The mixture was stirred in
the dark at 277 K for 24 h. Samples were diluted and then pelleted
by ultracentrifugation (408000g for 3 h), and a cryoprotectant-free
concentrated thin-ﬁlm sample was prepared as described previ-
ously [18]. Sodium ascorbate (20 mM) and phenazine methosulfate
(10 lM) were added to the ﬁlm to ensure rapid re-reduction of
P700+ in repetitive ﬂash experiments.
Visible and IR time-resolved experiments were undertaken in
an identical fashion to that described previously [18]. Brieﬂy, for
all time-resolved experiments, a 10 Hz, 532 nm saturating pump
pulse of 5–7 ns duration from a Minilite or Surelite III Nd:YAG laser
(Continuum, San Jose, CA) was used. The pump pulse energy was
chosen to be saturating, but kept low in order to minimize the for-
mation of antenna triplet states (see Supplementary information).
Flash-induced absorption changes at 487, 703, and 800 nm were
measured using an LP920 ﬂash photolysis spectrometer
(Edinburgh Instruments, Livingston, UK) as described previously
[18]. Time-resolved step-scan Fourier transform infrared (FTIR) dif-
ference spectroscopy measurements in the 1950–1100 cm1
region, with 4 cm1 spectral resolution and 6 ls temporal resolu-
tion, were undertaken using a Bruker Vertex80 or IFS66 FTIR spec-
trometer (Bruker Optics Inc. Billerica, MA) as described previously
[18–20]. For both visible and IR measurements at 77 K, samples
were mounted in a Model ND1110H liquid nitrogen cooled cryo-
stat (Cryo Industries of America Inc., Manchester, NH).
Flash-induced absorption changes were ﬁtted to a sum of
stretched exponential functions and a constant, using the
Levenberg–Marquardt algorithm, as implemented within Origin
7.5 software (OriginLab Corporation, Northampton, MA).
3. Results
3.1. Time-resolved visible absorption changes
Below we will show that the incubation procedure used here
leads to a high level of incorporation of Cl2NQ into the A1 binding
site inmenB PSI particles. Hereafter we will therefore refer to such
particles simply as PSI with Cl2NQ incorporated.
Fig. 1 shows room-temperature (RT, 298 K) ﬂash-induced
absorption changes at 800, 703, and 487 nm for PSI with Cl2NQ
incorporated. At 800 and 703 nm, ﬂash-induced absorption
changes are associated with P700+ and P700, respectively [21–
23]. Absorption changes at 487 nm are due to P700+/P700 and elec-
trochromic shifts of carotenoid and/or chlorophyll molecules nearthe reduced quinone species [7,24,25]. It is well established that
probe wavelengths between 475 and 490 nm can be used to follow
light-induced reduction and re-oxidation of the quinone in the A1
binding site in PSI [7,24,25].
The absorption changes at the three probe wavelengths shown
in Fig. 1 were ﬁtted simultaneously to a sum of two stretched
exponential functions and a constant. The best ﬁt yielded time con-
stants of 3.8 and 139.5 ls. The ﬁtted curves are also shown in
Fig. 1, and the ﬁtting parameters are listed in Table 1. At all three
probe wavelengths, the amplitude of the 139.5 ls component
accounts for 62–73% of the total signal amplitude (Table 1).
For PSI with Cl2NQ incorporated, 77 K ﬂash-induced absorption
changes at 800/703 nm are shown in Fig. 2A and B, respectively. By
ﬁtting the absorption changes to a sum of two stretched exponen-
tial functions, lifetimes of 2.3 and 78.2 ls were obtained. The ﬁtted
curves are also shown in Fig. 2, and the best ﬁt parameters summa-
rized in Table 1. In PSI at 77 K under repetitive illumination,
absorption changes associated with P700+A1 radical pair recombi-
nation dominate [26].
3.2. Time-resolved IR absorption changes
Fig. 3 shows ﬂash-induced absorption changes at selected IR
wavelengths, at 298 and 77 K, for PSI with Cl2NQ incorporated.
Fig. 2. 77 K ﬂash-induced absorption changes at 800 nm (A) and 703 nm (B) for PSI
with Cl2NQ incorporated. The data is best ﬁtted to two stretched exponentials with
lifetimes of 2.3 ls and 78.2 ls. The ﬁtted curves are shown in red, and the ﬁtted
parameters summarized in Table 1. Insets: absorption changes on a 0–25 ls
timescale.
Table 1
Summary of ﬁtting parameters obtained for visible and infrared transient absorption
data at both 298 and 77 K. Relative amplitudes (DA) of two time constants (s1 and s2,
with the stretch factor b1 and b2), and of non-decaying (n.d.) component, are listed for
each probe wavelength.
DA1 (%) DA2 (%) DA3 (%)
298 K k (nm) s1 = 3.8 ls/b1 = 1.0 s2 = 139.5 ls/b2 = 0.87 n.d.
800 19.7 66.6 13.7
703 17.9 62.0 20.1
487 14.8 72.7 12.5
k (cm1) – s = 129.4 ls/b = 0.70 n.d.
1754 – 88.2 11.8
1748 – 90.2 9.8
1717 – 83.8 16.2
1697 – 85.7 14.3
1509 – 94.4 5.6
77 K k (nm) s1 = 2.3 ls/b1 = 1.0 s2 = 78.2 ls/b2 = 0.72 n.d.
800 4.9 89.4 5.7
703 4.4 91.4 4.2
k (cm1) – s = 75.6 ls/b = 0.70 n.d.
1754 – 96.8 3.2
1748 – 94.9 5.1
1717 – 92.3 7.7
1697 – 95.8 4.2
1509 – 99.9 0.1
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associated with the decay of P700+ and Cl2NQ [19,27,28] while
the changes at 1748 cm1 contain contributions that are associated
with the recovery of P700 and Cl2NQ [19,27,28]. The absorption
change at 1509 cm1 is most likely due to the formation and decay
of Cl2NQ [28,29].
The IR kinetic traces were ﬁtted simultaneously to a stretched
exponential function plus a constant, and the best ﬁt yielded time
constants of 129 and 76 ls for the kinetics at 298 and 77 K, respec-
tively. Although the temporal resolution of 6 ls in FTIR experi-
ments is inadequate to resolve the faster phase observed in
visible spectroscopy experiments, the time constant of the slower
phase is in excellent agreement with that found in the visible
experiments, at both 298 and 77 K (Table 1).3.3. Irreversible charge separation in PSI at 77 K
At cryogenic temperatures, ET processes in PSI are heteroge-
neous, with fractions undergoing P700+A1 and P700+FX radical pair
recombination, and a third fraction undergoing irreversible
P700+FA/B charge separation [26,30]. In repetitive ﬂash experi-
ments on identical samples, the amount of irreversible P700+FA/B
state formed can be quantiﬁed by considering the initial signal
amplitude at 298 and 77 K [18], assuming no irreversible charge
separation at 298 K, and similar extinction coefﬁcients at 298
and 77 K.
Fig. 4A shows ﬂash-induced absorption changes at 703 nm (and
77 K) for PSI with Cl2NQ incorporated, monitored as a function of
the number of laser ﬂashes. The initial amplitude of the absorption
change at 77 K relative to the initial amplitude at RT is plotted as a
function of the ﬂash number in Fig. 4B (circles). For comparison cor-
responding data for PSI with PhQ incorporated (squares), collected
using identical procedures is also shown.
The data in Fig. 4B for PSI with Cl2NQ incorporated was ﬁtted to
Eq. (1):
DAn ¼ DA1  DArð ÞUn1 þ DAr ð1Þ
In Eq. (1) DAn is the amplitude induced by the nth ﬂash, DAr is
the absorption change remaining after >8000 ﬂashes, and U is
the quantum yield for the formation of the reversible states. No
signiﬁcant decrease in the relative absorption change is observed
beyond 8000 laser ﬂashes. Note that the data in Fig. 2 is the aver-
age of more than 8000 laser ﬂashes, so the changes in Fig. 2 are
representative of maximal accumulation of irreversible state.
Importantly, when the sample was returned to RT, absorption
changes identical to those in Fig. 1 were obtained. From ﬁtting
the data in Fig. 4B to Eq. (1), the quantum yield for the formation
of irreversible state is found to be 0.0011.
For PSI with PhQ incorporated (Fig. 4B, squares) the irreversible
fraction is produced in less than 160 laser ﬂashes, in good agree-
ment with the previously reported 30 ﬂashes for PSI particles from
Thermosynechococcus elongatus [26]. The quantum yield calculated
previously for PSI from T. elongatus (with PhQ in the A1 binding
site) was 0.55 [26], very much larger than the 0.0011 estimated
here for PSI from S6803 with Cl2NQ incorporated. For PSI with
PhQ/Cl2NQ incorporated, the initial signal amplitude decreases by
49/44% on going from 298 to 77 K (Fig. 4B and Table 2), suggest-
ing irreversible charge separation occurs in 49/44% of the PSI par-
ticles, respectively.
4. Discussion
4.1. Cl2NQ incorporation into the A1 binding site
For PSI with PQ9 incorporated, P700+FA/B recombination is char-
acterized by a time constant of 3 ms at RT [15,18,31,32]. In PSI
with Cl2NQ incorporated, this 3 ms phase is replaced by two ls
phases that account for 85% of the amplitude of the absorption
changes (Table 1). These ls decay phases are associated with
P700+A1 recombination (see below) and so the data suggests at
least 85% incorporation of Cl2NQ into the A1 binding site in the
PSI particles studied here.
For menB PSI particles with PQ9 incorporated a decay phase
with lifetime of 50 ns is observed at 800 nm [18]. This decay
phase is most likely associated with P700+A0 radical pair recombi-
nation [33,34] in PSI particles with no or dysfunctional PQ9, incor-
porated. This 50 ns decay phase is not observed here for PSI with
Cl2NQ incorporated suggesting that Cl2NQ has been incorporated
into these previously unoccupied or non-functional binding sites,
and is functional. P700+A0 recombination can lead to 3P700 triplet






































Fig. 4. (A) 77 K ﬂash induced absorption changes at 703 nm for PSI with Cl2NQ incorporated. Each trace is the average of 640 laser ﬂashes. (B) Relative initial amplitudes of
ﬂash-induced absorption changes as a function of the number of laser ﬂashes for PSI with Cl2NQ (dots) and PhQ (squares) incorporated, probed at 703 nm. The relative
amplitude is taken as the ratio of the initial absorption changes at 77 K to that at 298 K. The 298 K initial amplitude is independent of the number of laser ﬂashes. The
amplitude of the ﬂash-induced absorption changes at LT before any laser ﬂashes is similar to that found at RT. In (B) the data for PSI with Cl2NQ incorporated is ﬁtted to Eq.
(1), with best ﬁt parameters DAr = 0.578 and U = 0.9989. The quantum yield for the formation of an irreversible state is therefore 0.0011.









































Fig. 3. Flash-induced absorption changes of several infrared wavelengths (in cm1) at 298 (A) and 77 K (B). The kinetics at 298/77 K are ﬁtted simultaneously to a stretched
exponential function with time constant of 129.4 ls (b = 0.70)/75.6 ls (b = 0.70), respectively. Different samples were used for the RT and LT measurements.
Table 2
Fractions of PSI particles forming reversible P700+A1 and P700+FX states, and the
irreversible P700+FA/B state, in PSI with PhQ, 2MNQ, or Cl2NQ incorporated at 77 K
measured in the identical experimental conditions.
Reversible Irreversible
P700+A1 (%) P700+FX (%) P700+FA/B (%)
PhQ 38 13 49
2MNQa 58 6 36
Cl2NQ 53 3 44
a Ref. [18].
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cates no 3P700 formation. Thus the 3.8 and 139.5 ls phases
observed in measurements at RT cannot be due to the decay of
3P700.
4.2. Comparison with previous studies
For PSI with Cl2NQ incorporated, 298 K absorption changes with
time constants of 3.8 and 139.5 ls are obtained (Fig. 1). The
139.5 ls decay phase agrees well with that reported previously
[17]. The 3.8 ls decay phase was not reported previously, possiblybecause of insufﬁcient time resolution. This latter hypothesis is
supported by the fact that the amplitude of the 140 ls decay
phase reported previously was 83% of the total signal amplitude,
which is roughly the same as the ratio of the amplitude of the slow
phase to non-decaying component reported here (Table 1).
For PSI with Cl2NQ incorporated, at 77 K, decay phases with
time constants of 2.3 and 78.2 ls are observed (Fig. 2). The latter
time constant is considerably shorter than the 200 ls time con-
stant reported previously from time-resolved W-band EPR mea-
surements at 120 K. This discrepancy is unresolved at present.
4.3. Origin of the observed decay phases
For PSI with Cl2NQ incorporated, at RT, the 3.8 and 139.5 ls
decay phases are observed at 800, 703 and 487 nm. Absorption
changes at 800, 703 and 487 nm are associated with P700+, P700
and A1, respectively [7,21–25]. The fact that the same two lifetimes
are found at all three wavelengths indicates that both time con-
stants are associated with P700+A1 charge recombination. In addi-
tion, a 129 ls decay phase is observed in measurements at several
IR wavelengths, that are speciﬁcally associated with P700
(1697 cm1), P700+ (1697 cm1) and Cl2NQ (1509 cm1)
[19,27,28,36]. Again, since the same lifetime is found at all IR
wavelengths, it is likely that the 129 ls phase is associated with
P700+A1 charge recombination.
Table 3
Comparison of time constants and decay amplitudes extracted from ﬁtting the 298 and 77 K kinetic data. % Acceleration indicates by how much the time constant decreases from
298 K to 77 K.
s [ls] DA800;DA703½a:u:ð Þ sslow=sfast DAslow:DAfast
‘‘slow’’ phase ‘‘fast’’ phase 800 nm, 703 nm
298 K 139.8 (1.79, 11.78) 3.8 (0.53, 3.4) 36.8 77:23, 78:22
77 K 78.2 (1.38, 9.57) 2.3 (0.08, 0.46) 34 95:5, 95:5
% Accel. 43.9 39.5 – –
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2-methyl-1,4-naphthoquinone (2MNQ) incorporated (at RT) were
associated with ET on the A and B branches [6,18]. Biphasic decay
processes in PSI with PQ9 incorporated were also associated with
ET on the A and B branches [37]. In line with these proposals we
suggest that the two phases observed here at both 298 and 77 K
are associated with P700+A1 recombination reactions that involve
the A and B branches. Furthermore, we associate the fast/slow
phases at both 298 and 77 K with P700+A1B /P700+A1A recombina-
tion, respectively. Several results support this conclusion. Firstly,
ESEEM measurements on branch-speciﬁc site-directed mutants
indicated that fast and slow decay phases are due to P700+A1B
and P700+A1A states, respectively [9]. Secondly, EPR measurements
for PSI with Cl2NQ incorporated indicate that the major decay
phase at 77 K (the slow phase) is due to P700+A1A recombination
[17]. Thirdly, from kinetic modeling it has been suggested that
the charge recombination reaction tends to favor the A-branch
[38].
Given that the fast/slow kinetic phase is due to B/A branch ET,
respectively, the fractional utilization of the two branches can be
estimated from the decay amplitudes of each phase. At 77 K, the
amplitude ratio of the fast and slow phases indicates an A/B
branching ratio of 95:5 (Table 3). The branching ratio is presum-
ably determined upon initial charge separation at P700, but may be
modiﬁed by the fast equilibration between P700+A0A and P700+A0B
[38–40]. The equilibration between the primary radical pair states,
however, is predicted to occur at a much faster rate than the for-
mation of P700+A1 [39]. Therefore, the directionality of ET in PSI
does not depend on the nature of the quinone in the A1 binding
site, so the branching ratio we calculate here should be the same
for PSI with PhQ or Cl2NQ in the A1 binding site. That is,
A-branch ET dominates (95%) in cyanobacterial PSI particles at
77 K. This conclusion is in line with the EPR studies of Mula et al.
[17], but not the EPR studies of Santabarbara et al. [9].
At 298 K, the fraction of the fast phase is 15–20% of the total sig-
nal amplitude, compared to only 5% at 77 K (Table 1). For PSI with
Cl2NQ incorporated at RT it is not clear if the amplitude of the fast
and slow phases can be directly assigned to B and A branch radical
pair recombination, as biphasic kinetics related to P700+A1A charge
recombination may arise because of ET from A1B to A1A via FX [41].
However, irrespective of the kinetic model, the amplitude ratio of
the two phases at RT gives a lower bound estimate of the ET
branching ratio, which is 23:77. This estimate is in keeping with
previous transient absorption studies of PSI particles with modiﬁed
carotenoid composition [7].
4.4. Heterogeneous ET in PSI at LT
For PSI with Cl2NQ, 2MNQ and PhQ incorporated, the relative
fractions of the different states formed at 77 K, derived from iden-
tical sets of measurements, are listed in Table 2. The fraction of PSI
particles in which P700+FX recombination occurs is 13/6/3% for PSI
with PhQ/2MNQ/Cl2NQ incorporated, respectively (Table 2). The
midpoint potential of 2MNQ in aprotic solvent is between PhQ
and Cl2NQ [17,42]. It appears therefore that the decrease in thefractional contribution of the P700+FX state can be correlated with
a positive shift in the midpoint potential of the quinone in the A1
binding site. This positive shift lowers the equilibrium constant
between A1 and FX leading to a decrease in the fractional contribu-
tion from the P700+FX state.
For PSI with Cl2NQ incorporated, the quantum yield for irre-
versible P700+FA/B formation is considerably smaller than that for
PSI with PhQ incorporated (Fig. 4). However, the maximal irre-
versible fraction does not appear to be impacted by the quinone
in the binding site, and hence the midpoint potential of the qui-
none in the binding site.
Previously, the fraction of PSI particles undergoing irreversible
charge separation at LT was found to be independent of the occu-
pancy of the A1 binding site [43]. In a more recent review the irre-
versibility of P700+FA/B state was proposed to involve a distribution
of different radical pair conformational sub-states, as well as
frozen-in nuclear coordinates of the surrounding medium. This lat-
ter proposal focuses on the freezing effect in and around predom-
inantly FA and FB [44]. The observations made here indicate that
the irreversible fraction is independent of the quinone in the bind-
ing site and its degree of functionality, and are supportive of these
previous hypotheses.
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